The ongoing improvements in cancer therapy and health care have resulted in an ever-growing population of long-term cancer survivors: 62% of adult and 77% of pediatric cancer patients survive beyond 5 years. For these individuals, a particular concern is the late effects that arise several months to years after irradiation. Although improvements in radiation oncology, such as intensity-modulated radiation therapy, have led to a reduction in the volume of normal tissue irradiated, late effects remain a significant risk. The National Cancer Institute has identified long-term survival from cancer as one of the new areas of public health emphasis, particularly studying adverse long-term or late effects of cancer and its treatment (National Cancer Institute's Plans and Priorities for Cancer Research). 4 Given the increasing population of long-term survivors, the need to mitigate or treat late effects has emerged as a primary area of radiobiological research (1 -3) .
Radiation-induced late effects, once viewed solely as a late consequence of clonogenic cell loss, now seems to be due to a complex interrelationship between cell loss and changes in gene expression (4, 5) . It has long been assumed that the damage to normal tissues from therapeutic irradiation is inevitable, progressive, and untreatable; however, it is now viewed in terms of dynamic interactions between multiple cell types within a particular organ (6 -9) that can be modulated (2, 10, 11) . Some of the important lesions include fibrosis, necrosis, atrophy, and vascular damage. Irradiated normal cells are not passive bystanders, merely dying as they attempt to divide, but are active participants in an orchestrated, yet limited, response to injury.
In general, it has been hypothesized that irradiating normal tissues leads to an acute activation of stress kinases and transcription factors (12) and increased production of inflammatory cytokines that may play a central role in the resulting damaging late effects (13) . This is followed by an aberrant chronic inflammatory/wound-healing response, in which vascular and parenchymal cell dysfunction and loss, associated with chronic overproduction of particular cytokines and growth factors, result in fibrosis and/or necrosis, depending on the particular organ involved (9) . More recently, chronic oxidative stress has been suggested to contribute to the progression of radiation-induced late effects (14) .
Despite this paradigm shift, details of the specific genes and/ or mechanisms involved in the pathogenesis of radiationinduced late effects remain unclear. The development of technological advances to determine changes in gene expression using cDNA and oligonucleotide microarray analysis presents the potential to increase our understanding of the complex nature of normal tissue responses to radiation (15) . It has also enabled investigators to obtain a global view of gene expression patterns in both normal and tumor cells to profile how these cells may respond to cellular stress, including that induced by anticancer agents.
A genomic approach has been used to identify candidate genes of interest in the irradiated mouse kidney and rectum at 10 and 20 weeks after irradiation with a single dose of 16-Gy, 250-kV X rays (16, 17) , as well as in the mouse brain after exposure to low dose (0.1 or 2.0 Gy 137 Cs g-rays) ionizing radiation (18) . Here, we report microarray results obtained 8 and 24 hours after irradiating the mouse brain and kidney with a single dose of 10 Gy 137 Cs g-rays. These data show not only the potential of microarray analysis to identify gene expression changes in irradiated normal tissues but also that the radiation-induced changes in irradiated normal cells vary markedly between cells from different tissue types.
Materials and Methods
Irradiation of murine kidney and brain. A total of 12 adult male C57Bl6/J mice, f12 to 14 weeks old at the time of irradiation, were entered into this study. The animals were housed up to five per cage with free access to drinking water and standard mouse chow (Harlan Teklad, Madison, WI). The experimental protocol was reviewed and approved by the Institutional Animal Care and Use Committee at Wake Forest University School of Medicine. Unanesthetized mice were placed in a Perspex box and irradiated with a single dose of Cs g-rays whole-body irradiation using a 12,000 Ci self-shielded 137 Cs irradiator and a dose rate of 4 Gy/min. Sham-irradiated mice were placed similarly in the Perspex box and positioned in the 137 Cs irradiator for 2.5 minutes without g-ray exposure. Groups of mice (n = 3) were euthanized using an overdose of pentobarbital (Nembutal, 90 mg/kg body weight, given i.p.) at 8 and 24 hours after irradiation. Kidneys and brains were removed, frozen in liquid nitrogen, and stored at À70jC.
RNA extraction. Total RNA of the kidneys and brains was isolated using TRIzol according to the protocol supplied by the manufacturer (Invitrogen, Carlsbad, CA); the concentration of RNA was determined spectrophotometrically at 260 nm. RNA was further purified using Rneasy Mini kit according to the manufacturer's recommendations (Qiagen, Valencia, CA) with the addition of DNase digestion with RNase-free DNase set (Qiagen).
Microarray fabrication. The microarrays used for this study contained 7,680 human cDNA clones and were prepared from the Research Genetics Named Genes set (Huntsville, AL). These cDNA clones are enriched for known genes. All 7,680 cDNAs were spotted onto poly-L-lysine-coated slides (National Cancer Institute ROSP 8k Human Array) using an OmniGrid arrayer (GeneMachines, San Carlos, CA) as described in Eisen and Brown (19) .
Probe labeling, microarray hybridization, image, and data analysis. Methodologies for the probe labeling reaction and microarray hybridization were the same as described previously (20) . Microarrays were scanned at 10-Am resolution on a GenePix 4000A scanner (Axon Instruments, Inc., Foster City, CA). The Cy5-and the Cy3-labeled cDNA samples were scanned at 635 and 532 nm, respectively. The resulting TIFF images were analyzed by GenePix Pro 3.0 software (Axon Instruments).
Each sample was tested in duplicate with alternating of the dyes. Thus, a total of four microarrays for each sample of every brain and kidney sample was done. This was necessary to have enough data points for statistical significance. The ratios of the sample intensity to the reference intensity (green [Cy3]/red [Cy5]) for all targets were determined. Because a normal distribution could not be applied to all components of the data set, a Mann-Whitney test was used to ascertain statistical significance among microarray replicates (21) . Well fluorescence was corrected for background fluorescence, and ratios of intensity were established relative to appropriate controls. We selected a 1.5-fold threshold in differences because the multiple repeats in our experimental scheme increase the likelihood of statistical reliability. In some cases, additional genes were included so that the hierarchical cluster map would show novel clusters of important genes. In addition, we do not refer to individual genes as only increased by 1.5-fold but rather to gene clusters based on the multiple experimental conditions. Pearson's moment correlation coefficients (rq) were calculated from fluorescent ratio data and relate the overall similarity in gene expression patterns between the two data sets under comparison. Values of rq range from À1 (weak to no correlation) to 1 (strong or positive correlation).
Real-time quantitative reverse transcription-PCR. Eight genes were selected for reverse transcription-PCR validation with four increased and four decreased at both 8 and 24 hours after irradiation. For each gene, PCR reactions were done thrice on one sample. These reactions were done as previously described (22) . Gene-specific primers used are shown at our web site. 5 Standard curves for tested genes and h-actin were done for each PCR, and the relative amounts of transcript of the tested genes were normalized by h-actin. The average ratios of relative amounts of transcript in irradiated and nonirradiated cells from three replicate runs were calculated.
Results
Differentially expressed genes after irradiation. A total of 12 adult male C57Bl6/J mice, f12 to 14 weeks old, were irradiated with a single dose of Cs g-rays whole-body Cs irradiator at a dose rate of 4 Gy/min. Sham-irradiated mice were treated in an identical manner. Groups of mice (n = 3) were euthanized at 8 and 24 hours after irradiation following the removal of kidneys and brains that were subsequently frozen in liquid nitrogen and stored at À70jC. Using this number of mice allowed for a more robust, complete, and statistically significant analysis.
Methodologies for the probe labeling reaction and microarray hybridization were the same as described previously (20) . When analyzing the microarray data from control and irradiated mouse brain and kidney, a change of >1.5-fold change of the gene expression between the two tissues was considered significant. These changes in gene expression levels were predetermined before the initiation of the study and are consistent with previous microarray analysis from our group (22) . The resulting differentially expressed genes, coupled with a query of the GeneCards database, 6 enabled us to reconstruct the biological interpretation of a selection of differentially expressed genes.
Analysis of kidneys exposed to radiation showed a total of 42 genes that met the criteria for differential expression (change of >1.5-fold), of which 19 genes were up-regulated, and 23 genes were down-regulated (Table 1) . (The entire list of genes for the tissues exposed to ionizing radiation can be found at the NIH genomic dedicated web site 7 ). The genes that were differentially expressed at 8 and 24 hours after exposure include several known acute-response genes, such as cell cycle checkpoint regulators that might be expected. However, the majority of genes identified were regulators of metabolism, transcription, translation, and signal transduction. In addition, the number of total genes increased (13) and decreased (9) z2-fold was also determined (Table 1) .
Total RNA from mice brains were also isolated at 8 and 24 hours after irradiation and analyzed in an identical manner as RNA isolated from kidneys. A total of 47 genes were identified that were shown on microarray analysis to change of >1.5 fold, of which 12 were up-regulated, and 35 were down-regulated (Table 2) . At a threshold of 2.0-fold, a total of five were increased, whereas 20 were observed to decrease.
Biological interpretation. Analysis of the functional gene groups showed that the largest number of changes in kidney RNA patterns involved genes regulating gene expression (transcription/translation) with roughly equal numbers of genes both up-regulated (7) and down-regulated (9) followed by changes in genes regulating intracellular oxidation/reduction (redox) status. This seems logical because cells stressed by ionizing radiation would induce transcriptional pathways responding to any subsequent cytotoxic and damaging effects. It also seems reasonable that the free radicals generated by ionizing radiation would alter the intracellular redox status as well as genes regulating redox. Interestingly, only six cell cycle genes were changed following exposure, and five of these were observed to increase.
Analysis of the functional gene groups showed that the largest number of changes in brain RNA patterns involved genes regulating metabolism (20) , with cell cycle genes (8) next. If analyzed as a function of changes of >2-fold, a total of 25 genes were identified. Redox genes represented the group containing the highest number of gene expression changes in the brain when comparing both brain and kidney gene patterns. This is an intriguing result and suggests some fundamental differences in how these differing tissues are responding to the damaging and potentially cytotoxic effects of therapeutic irradiation.
Validation of microarray data. To further confirm the results of microarray analysis, real-time, quantitative reverse transcription-PCR analysis was conducted for eight randomly selected genes from both kidney and brain samples at 8 and 24 hours after exposure to g-irradiation. Four up-regulated (Fig. 1A) and four down-regulated (Fig. 1B) genes are shown. The sequences of primers used can be found at our National Cancer Institute web site. 5 Comparison of the reverse transcription-PCR results showed a complete (100%) concurrence in terms of increases or decreases in gene expression with those measured using the microarray data, with no more than a 25% difference in relative values. Thus, results of the experiments in Fig. 1 indicate an excellent agreement between the microarray and real-time, reverse transcription-PCR analyses.
Comparison of changes in gene expression in kidney and brain. A comprehensive analysis of the hierarchical clustering (Fig. 2 ) data reveals several surprising results. For example, the changes in gene expression patterns between normal tissues from irradiated kidney and brain are quite different in total numbers; genes increased versus decreased and functional classes of genes (Tables 1 and 2 ). This is clearly shown when comparing the genes altered as grouped by functional category that revealed distinct difference between these two tissue types as shown in Tables 3 and 4. In addition, the hierarchical clustering pattern of genes changed in kidney and brain are markedly different. This can be seen clearly when comparing the lanes in Fig. 2 for kidney and brain cells exposed to irradiation. In addition, a close examination of the specific genes either up-regulated or down-regulated following exposure to ionizing radiation of kidney and brain reveals that these are very different between 6 http://nciarray.nci.nih.gov/cards/. 7 http://www.X.org/cgi/content/full/6/4/361/yy. Cs g-rays. Numbers indicate genes that were up-regulated or down-regulated at both 8 and 24 hours after irradiation. the two tissues; there are only two matches of genes for both kidney and brain. The expression of Iap and Ccng are both altered in similar ways following exposure. However, this represents only 2 of a total of f90 genes and as such results in <3% similarity. This result is surprising and suggests markedly differing mechanism(s) for how normal cells defend against the damaging effects of ionizing radiation.
These experiments present the changes in genomic gene expression patterns in two normal tissues, kidney, and brain, following exposure to ionizing radiation. For this study, we chose to collect samples at 8 and 24 hours after exposure to 10 Gy of irradiation, and whole tissues were used to isolate RNA for microarray analysis. The most surprising result was the almost total lack of common genes whose RNA levels were changed when comparing the exposed kidney to brain tissues. In addition, there were a surprising number of genes up-regulated that Fig. 1 . Real-time RT-PCR verification of gene expression was conducted for eight randomly selected genes from both kidney and brain samples at both 8 and 24 hours after exposure to irradiation.Validation of cDNA microarray data using the real-time RT-PCR assay to verify gene expression results. A, up-regulated genes. (B) down-regulated genes. Total RNA of the kidneys and brains was isolated, and RT-PCR was done as previously described (22) using primers described in the supplementary section. 
Discussion
This study represents a comprehensive integrated experimental approach to investigate the genomic changes in gene expression in normal tissues exposed to ionizing radiation.
In this regard, we did extensive replicate experiments with multiple exposed mice and several RNA samples from each normal mouse kidney and brain tissues exposed to clinically relevant doses of ionizing radiation. The outcome of this analysis yielded insights into how normal tissues respond to the damaging and often cytotoxic effects of irradiation.
These experiments present the changes in genomic gene expression patterns in two normal tissues (kidney and brain) following exposure of ionizing radiation. For this study, we chose to collect samples at 8 and 24 hours after exposure to 10 Gy of irradiation, and whole tissues were used to isolate RNA for microarray analysis. The most surprising result from this microarray analysis is the near complete lack of common genes whose expression is altered in kidney when compared with brain following exposure to ionizing radiation. A greater examination of the specific genes altered showed that 42 genes were altered in kidney compared with 47 genes in brain > 1.5-fold. Although the number up-regulated and downregulated in kidney versus brain was also very similar, there was very little in common other than the total number changes (Tables 3 and 4 ). This can also be seen when comparing the hierarchical clustering pattern of genes changed in the kidney and brain (Fig. 2) as well as when examining the specific genes up-regulated or down-regulated. In fact, only 2 common genes of f100 genes are altered at least 1.5-fold following exposure. This result suggests markedly differing mechanism(s) of genetic preprogrammed tissue cellular response in these two normal tissues.
The results of these experiments raise several surprising questions. The first of which is that the long held hypothesis that cellular genetic response to ionizing radiation in normal cells is likely to be similar is clearly incorrect. There are several possible explanations for this result. For example, the genetic response to irradiation may be more a function of microenvironment than any inherent preprogrammed cellular response to stress. Or, more likely, inherent tissue-specific intracellular signaling pathways, which are different in each different tissue type, are used by differing tissues to respond to the stress of irradiation. This is suggested by the differing number of metabolism genes altered in the brain tissue in contrast to kidney cells. This would seem logical because the metabolic demand to brain tissues/cells is greater than that for kidney cells and, as such, brain cells already have increased redox buffering pathways. Thus, it seems reasonable that brain cells would use these inherently active intracellular pathways to respond to the damaging effects of irradiation. This may explain the greater number of redox-sensitive genes increased in brain tissue in contrast to kidney.
It is also possible that the local cellular microenvironment as well as the connective and stromal cells may play a critical role in the genomic differences between kidney and brain tissues. For example, in the central nervous system, neural cells cannot proliferate, although astrocytes can, whereas most kidney cells can cycle if appropriately stressed. This might explain the observations that there were more changes in cell cycle genes in irradiated kidney than brain tissue cells.
It is tempting to compare these results with several other studies that have used genomics to investigate the changes in gene expression following exposure to ionizing radiation. However, the methods used in these studies, as well as the model systems, were quite different, making any significant conclusions difficult. For example, in our study, RNA was isolated from whole tissue biopsies to generate RNA for microarray analysis, whereas other studies have used microdissected tissues. In addition, other studies have used similar methods but chose time points much farther out than used in this study or focused their primary analysis on genes that play a role in radioresistance in contrast to normal tissues. Furthermore, other genomic studies have used tissue culture model systems and as such makes comparison with our study difficult. Therefore, no significant attempt was made to compare our results with that of others.
In this study, we chose to use whole organs to isolate RNA, and this method, like many model systems, has inherent shortcomings that may obscure important genetic response (profiling) data. For example, it seems likely that the complex three-dimensional structure of the brain and kidney contains specific subregions that may and should respond very differently to the damaging and cytotoxic effects of ionizing radiation. As such, a 2-or 3-fold in expression levels in one of these subregions could easily be washed out (or averaged out) by the other nonresponding part of the organ. Thus, the size of the dominator may prevent the identification of a up-regulated or down-regulated gene, and as such, this approach may be biased towards a sort of ''averaged'' tissue response across all tissues and not a ''true'' reflection of important alterations. This may be one of many explanations for the differing results from microarray studies done on normal tissues from several other laboratories (17, 23 -25) .
Another surprising finding was the almost complete absence of genes or gene families representative of activation of the inflammatory response. It is well documented that exposure to ionizing radiation can induce changes in normal tissues that clinically seem similar to a local inflammation. In addition, it has been previously been published that many genes and signaling factors involved in inflammation are activated following exposure. One possible explanation for this result may be the timing chosen to harvest the tissues. It is possible that at 8 and 24 hours, there is a minimal inflammatory effect in normal tissues, and such a genomic effect would be observed at longer time points after exposure to ionizing radiation.
These experiments continue to expand the knowledge of the genome and changes in gene expression following exposure to anticancer agents generally and ionizing radiation specifically. The differing and diverse changes in expression patterns clearly show the complex manner in which normal cells respond to this type of cellular stress and suggest that cells of differing origin respond to the damaging effects of irradiation in very differing ways.
